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CHEMICAL MODIFICATION OF BIOMEDICAL MATERIALS WITH GENIPIN 
Field of the Invention 

5 The present invention relates to chemical modification of biomedical materials, such as 

collagen, chitosan, and hemoglobin, with a naturally occurring crosslinking reagent, genipin, 
and to biocompatible materials, useful in biological implants, adhesives, wound dressings, and 
blood substitutes, which are crosslinked or polymerized with genipin. 
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Background of the Invention 

Crosslinking of biological molecules is often desired for optimum effectiveness in 
biomedical applications. For example, collagen, which constitutes the structural framework 
of biological tissues, has been extensively used for manufacturing bioprostheses and other 
5 implanted structures, such as vascular grafts, wherein it provides a good medium for cell 
infiltration and proliferation. Collagen sheets are also used as wound dressings, providing the 
advantages of high permeability to water vapor and rapid wound healing. Disadvantages of 
uncrosslinked collagen include low tensile strength and ready degradation by collagenase. The 
fixation, or crosslinking, of collagenous tissues increases mechanical strength, reduces cleavage 

10 by collagenase, and reduces antigenicity and immunogenicity. 

Chitosan, a deacetylated derivative of chitin, contains free amino groups which may also 
be crosslinked, e.g. by glutaraldehyde (Jameela), and has been used or proposed for use in 
implanted drug-delivery devices, skin substitutes, wound dressings, and other biomaterials. It 
has shown the beneficial property of reducing calcification when coated on other implanted 

15 materials (Chanda). 

Various crosslinking reagents have been used in the chemical modification of amine- 
containing biomedical materials. The most common are synthetic chemicals such as 
formaldehyde, glutaraldehyde, dialdehyde starch, glycoaldehyde, cyanamide, diimides, and 
diisocyanates. Of these, glutaraldehyde, which reacts rapidly with proteins, is the most 

20 commonly used. 

Problems which have been encountered with crosslinked collagen include the tendency to 
calcify when implanted, leading to stiffness around an implant, eventual degradation and 
resorption into the surrounding tissue, and toxic reactions to crosslinking reagents. 
Glutaraldehyde is known to have allergenic properties, causing occupational dermatitis, and is 

25 cytotoxic at concentrations greater than 10-25 ppm and as low as 3 ppm in tissue culture. 

Another useful application of crosslinked biological materials is in blood substitutes. Cell- 
free hemoglobin, a blood substitute, is useful for antigen-free blood transfusions, but is easily 
transformed from tetramer to dimer during circulation. High oxygen affinity and short half-life 
are additional limitations of this material. These difficulties may be overcome by chemical 

30 modification of hemoglobin with a crosslinking reagent (see e.g. Chang, Keipert). The 
increase of the half-life of hemoglobin in circulation and the reduction of its oxygen affinity 
can be achieved by both intermolecular and intramolecular crosslinking. Crosslinking with 
glutaraldehyde, however, has been found to induce dimer formation during hemoglobin 
polymerization. 
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It is therefore desirable to provide a crosslinking reagent suitable for use in biomedical 
applications which is of low toxicity, forms stable, biocompatible crosslinked products, and 
retains its stability upon implantation. 

5 Summary of the Invention 

In one aspect, the invention provides a biocompatible implant or wound dressing. The 
implant or dressing is of a material which comprises a biocompatible crosslinked amine- 
containing biomolecule, selected from chitosan or a connective-tissue protein, where the 
biomolecule is crosslinked with genipin. Where the biomolecule is a connective-tissue protein, 

10 the protein is preferably collagen. Also provided is a biocompatible adhesive, which comprises 
a biocompatible crosslinked gelatin, derived from a collagenous source, where the gelatin is 
crosslinked with genipin. 

In another aspect, the invention provides a method of manufacturing a biocompatible 
implant or wound dressing. The method includes the steps of fabricating a material which 

15 comprises an amine-containing biomolecule, selected from chitosan or a connective-tissue 
protein, into a structure suitable for the implant or dressing, and crosslinking the material with 
genipin. When the material comprises a connective-tissue protein, the protein is preferably 
collagen. 

In other aspects, the invention provides a composition suitable for use in a blood substitute, 
20 which comprises hemoglobin crosslinked with genipin, and a method of preparing the 
composition, by treating hemoglobin with an amount of genipin effective to crosslink the 
hemoglobin. Preferably, the crosslinked hemoglobin has a mean degree of polymerization 
greater than 1 and less than about 9. 

25 Brief Description of the Figures 

Figures 1A-H are computer-generated images derived from photomicrographs (X200) of 
uncrosslinked, or fresh tissues (1A-B), and tissues crosslinked with glutaraldehyde (GA) (1C- 
D), epoxy (EX-810) (1E-F), and genipin (1G-H), before and after collagenase degradation, 
respectively; 

30 Figures 2 and 3 show the denaturation temperatures of the test samples from Figure 1, 

obtained before and after collagenase or pronase degradation, respectively; 

Figure 4 shows the tensile strengths of fresh, glutaraldehyde-fixed, epoxy-fixed, and 
genipin-fixed tissues before and after collagenase degradation; 
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Figure 5 shows the denaturation temperatures of fresh, glutaraldehyde-fixed (GA), epoxy- 
fixed (EX-810), and genipin-fixed pericardial tissues before (t = 0) and after (t = 1 wk; t =4 
wks) subcutaneous implantation in a growing rat model; 

Figure 6 shows the tensile strengths of the samples from Figure 5, before and after 
5 implantation; 

Figure 7 shows the calcium content of the samples from Figure 5, before and after 
implantation; 

Figures 8A-8D are computer-generated images derived from photomicrographs 
(magnification xlOO) of cells cultured in (A) control medium and in medium supplemented with 
10 (B) 1 ppm glutaraldehyde, (C) 5 ppm epoxy compound, and (D) 1,000 ppm genipin; 

Figures 9A-9H are computer-generated images derived from scanning electron micrographs 
(magnification x 1,500) of (A) fresh tissue, (B) glutaraldehyde-fixed tissue, (C) epoxy-fixed 
tissue, and (D) genipin-fixed tissue, all before implantation, (E) the fresh tissue retrieved 1 
week after implantation, and (F) glutaraldehyde-fixed tissue, (G) epoxy-fixed tissue, and (H) 
15 genipin-fixed tissue retrieved 12 weeks after implantation; 

Figures 10A-C are computer-generated images derived from photomicrographs 
(magnification x 200) of (A) glutaraldehyde-fixed tissue, (B) epoxy-fixed tissue, and (C) 
genipin-fixed tissue retrieved 12 weeks after implantation and stained with hematoxylin and 
eosin; and 

20 Figure 11 shows a chromatographic trace obtained from HPLC of polymerized and 

unpolymerized hemoglobin. 

Detailed Description of the Invention 

I. Definitions 

25 The terms below have the following meanings unless indicated otherwise. 

"Genipin" refers to the naturally occurring compound shown as Structure I and to its 
stereoisomers and mixtures thereof. 

A "collagenous material" or "collagenous source" refers to a material which largely 
comprises collagen, such as a sample of mammalian connective tissue, and is suitable for 
30 fabrication of a biological prosthesis, implant, graft, or wound dressing. 

A "biological implant" refers to a biomedical device which is inserted into, or grafted onto, 
bodily tissue to remain for a period of time, such as an extended-release drug delivery device, 
vascular or skin graft, or prosthesis. 
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"Crosslinked hemoglobin" refers to hemoglobin which contains intramolecularly 
crosslinked hemoglobin, where crosslinks exist between individual chains in the tetrameric 
molecule, and/or intermolecularly crosslinked hemoglobin, or polyhemoglobin, where 
tetrameric molecules are linked together. 
5 "Degree of polymerization" refers to the number of hemoglobin molecules linked together 

in a crosslinked hemoglobin. For example, the designation Hb 2 indicates two hemoglobin units 
joined by an intermolecular crosslink; they may be intramolecularly crosslinked as well. 

II. Preparation and Properties of Genipin 

10 Genipin, shown below as Structure I, is an iridoid glycoside present in fruits (Gardenia 

jasmindides Ellis). It may be obtained from the parent compound geniposide, structure II, 
which may be isolated from natural sources as described in, for example, Oka, Okada, or 
Kometani. Genipin, the aglycone of geniposide, may be prepared from the latter by oxidation 
followed by reduction and hydrolysis (Tanaka) or by enzymatic hydrolysis (Fujikawa). 

15 Alternatively, racemic genipin may be prepared synthetically, e.g. according to the method of 
BQchi. 



20 



25 




Although Structure I shows the natural configuration of genipin, any stereoisomer or 
mixture of stereoisomers of genipin may be used as a crosslinking reagent, in accordance with 
30 the present invention. 

Genipin has a low acute toxicity, with LD 50 i.v. 382 mg/k in mice. It is therefore much 
less toxic than glutaraldehyde and many other commonly used synthetic crosslinking reagents. 
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As described below, genipin is shown to be an effective crosslinking agent for treatment 
of biological materials intended for in vivo biomedical applications, such as prostheses and 
other implants, wound dressings, and blood substitutes. 

5 III. Crosslinking of Biological Structural Compounds with Genipin 

The biological compounds which are crosslinked preferably include connective-tissue 
, proteins such as collagen or elastin, or materials derived from such proteins, e.g. gelatin, which 
is produced by hydrolysis of collagen or collagenous tissues. Other amine-containing structural 
compounds, such as chitosan, may also be treated with genipin to produce biocompatible 
10 crosslinked materials. 

The fabrication of such materials, particularly collagen, with or without crosslinking, into 
medical devices such as bioprostheses, skin and vascular grafts, and wound dressings is well 
established in the art. -See, for example, discussion in "Prosthetic and Biomedical Devices", 
Kirk-Othmer Encyclopedia of Chemical Science & Technology, John Wiley & Sons, 1995, and 
15 additional references such as Hilbert, Khor, Li, Oliver, Sabelman, and Stenzel. For references 
to uses of chitosan in such applications, see, for example, Chandy (1990, 1995) Jameela, and 
Olsen. 

f ^Genipin-crosslinked collagenous tissues may also be used in homeostasis, , by providing a 

biocompatible surface for blocking blood flow and supporting blood clottingj A biocompatible 
20 adhesive may be prepared by crosslinking a gelatin, derived from hydrolysis of collagen or 

hydrolytic treatment of a collagen-containing tissue, with an amount of genipin effective to give 

the desired adhesiveness and consistency. 

For crosslinking collagenous tissues, an effective amount of genipin was found to be about 

200 ml of a 5% solution for a 6x6 cm sheet of tissue, as described in Example 1 . More or less 
25 reagent could be used depending on the desired crosslinking density. Similarly, for 

crosslinking of gelatin or chitosan, routine experimentation may be used to determine the 

amount of reagent appropriate for the desired characteristics in the final product. 

As demonstrated below, genipin-fixed collagenous tissues are highly resistant to 

degradation by collagenase or pronase, and their biocompatibility is demonstrated in 
30 subcutaneous implant experiments. The following sections describe the properties, including 

enzyme resistance, retention of mechanical properties, and low toxicity, of collagen tissue 

samples crosslinked with genipin, compared to samples crosslinked with other commonly used 

reagents. 
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A. Stability to Degradative Enzymes 

To determine the stability of collagenous fibers treated with various crosslinking reagents, 
tissue samples were treated with the reagents, subjected to degradation with collagenase or 
pronase, and examined, as described in Example 1 below. 
5 Figures 1A-H present computer-generated images derived from photomicrographs of the 

fresh (1 A-B), glutaraldehyde-fixed (1C-D), epoxy-fixed (1E-F), and genipin-fixed (1G-H) tissue 
samples before and after collagenase degradation, respectively. After degradation, the fresh 
tissue had disintegrated into pieces (Figure IB). In contrast, the collagen fibril structures of 
the glutaraldehyde-fixed and genipin-fixed tissues remained intact after collagenase degradation 

10 (Figures ID and 1H), while slight disintegration of the collagen fibrils of the epoxy-fixed tissue 
was observed (Figure IF). 

The denaturation temperature of each test sample was measured by a Perkin Elmer 
differential scanning calorimeter (Model DSC 7, Norwalk, Connecticut, USA). Figures 2 and 
3 give the denaturation temperatures of the above-designated test samples before and after 

15 collagenase or pronase degradation, respectively. No denaturation temperatures of the fresh 
(uncrosslinked) tissues could be determined after collagenase or pronase degradation, due to 
the extensive disintegration of these samples. As illustrated in the figures, the decline in 
denaturation temperature for the genipin-fixed tissue (<2%) was less than that for the 
glutaraldehyde- and epoxy-fixed tissues (3-10%). 

20 The genipin-fixed tissues also showed superior retention of tensile strength. Tissue strips 

were cut from each test sample before and after in vitro degradation for tensile strength 
measurements. Stress-strain curves of the tissue strips were determined by uniaxial 
measurements using an Instron Universal Testing Machine (Model 4302) at a constant speed 
of 50 mm/min. Figure 4 shows the results of the tensile stress measurements of the fresh, 

25 glutaraldehyde-fixed, epoxy-fixed, or genipin-fixed tissues before and after collagenase 
degradation. The tensile stress of the fresh tissue was recorded as zero after degradation, again 
due to the extensive disintegration of this sample. As shown in the figure, the reduction in 
tensile stress for the genipin-fixed tissue was minimal (< 1 %), and was significantly less than 
for the glutaraldehyde-fixed and epoxy-fixed tissues (31% and 25%, respectively). 

30 The above results show that genipin-fixed collagenous tissues have thermal stability and 

tensile strengths similar to glutaraldehyde-fixed tissues, and that they retain their tensile 
strength and thermal stability to a significantly greater degree than the glutaraldehyde- and 
epoxy-fixed tissues upon treatment with collagen-degrading enzymes. 
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B. Stability in Subcutaneous Implantation 

1. Short Term Study (Four Weeks) 
A subcutaneous implantation study was conducted, using a growing rat model, to evaluate 
the stability (change in denaturation temperature and tensile strength) and level of calcium 
5 deposition in implanted pericardial tissues crosslinked with genipin. Fresh (uncrosslinked), 
glutaraldehyde-fixed, and epoxy-fixed tissues were also tested. 

The tissue samples were prepared as described in Example 2. A subcutaneous implant 
study was conducted on 6- week-old male Wistar rats, and implants were retrieved at 1 week 
and 4 weeks post-implantation. 
10 Fresh samples were generally thinner than the crosslinked samples at 1 week post 

implantation, and were completely degraded at 4 weeks. At 4 weeks, a thin layer of host tissue 
was observed on the genipin-fixed samples, but not on the glutaraldehyde- or epoxy-fixed 
samples. The genipin- fixed samples thus appeared to be the most biocompatible by this 
standard. 

15 The denaturation temperatures and tensile strengths of the samples were determined, as 

described above, before and after implantation. As shown in Figure 5, the denaturation 
temperatures of the genipin-fixed and glutaraldehyde-fixed samples were similar and were 
significantly higher than that of the epoxy-fixed samples. This suggests a higher crosslinking 
density in the genipin-fixed and glutaraldehyde-fixed tissues. In all cases, little degradation in 

20 denaturation temperature was observed up to four weeks post-implantation. 

As shown in Figure 6, the tensile strength of the genipin-fixed sample was superior at all 
stages to that of the epoxy-fixed sample. Pre-implantation and at 1 week post-implantation, the 
tensile strengths of the genipin- and glutaraldehyde-fixed samples were similar. At 4-weeks 
post-implantation, however, the genipin-fixed sample had substantially greater tensile strength 

25 than the glutaraldehyde-fixed sample. 

Figure 7 shows the amount of calcium deposited during implantation, as determined by 
atomic absorption spectroscopy as described in Example 3. As the figure shows, calcium 
deposition was fairly similar for the genipin- and epoxy-fixed samples, and was less, at 1 week, 
than that shown for the uncrosslinked sample. The glutaraldehyde-fixed sample showed 

30 substantially greater calcium deposition at 1 week, and a level similar to the other two fixed 
samples at 4 weeks. 

The above results show that collagenous tissues crosslinked with genipin show similar or 
superior stability and biocompatibility to those crosslinked with glutaraldehyde, without the 
attendant toxicity of glutaraldehyde and related compounds. 
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2. Long Term Study (Twelve Weeks) 
Sterilized samples of fresh (uncrosslinked), 'glutaraldehyde-, epoxy-, and genipin-fixed 
porcine pericardia were implanted subcutaneously in a growing rat model (6-week-old male 
Wistar) under aseptic conditions, as described for the short-term study above. Four samples, 
5 one from each studied group, were implanted on the upper back of the animal model; the other 
four samples, again one from each studied group, were implanted on the lower back, in reverse 
order. Each test sample was approximately 0.5 cm in width and 2 cm in height. The order 
of the test samples in each row was rotated from animal to animal. The implanted samples 
were then retrieved at 1 week (n = 4), 4 weeks (n = 4), and 12 weeks (n = 8) 
10 postoperatively. 

At retrieval, each retrieved sample was examined and photographed. It was noted that the 
retrieved fresh tissue was significantly thinner than the glutaraldehyde-, epoxy-, and 
genipin-fixed counterparts. At 4 weeks postoperatively, six out of the eight implanted fresh 
tissue samples were found to be completely degraded, while the other two fresh samples were 
15 being absorbed by the host tissue. In contrast, the glutaraldehyde-, epoxy-, and genipin-fixed 
tissues remained intact throughout the entire course of the study. 

Scanning electron microscopy (SEM) was used to examine the surface morphology of each 
retrieved sample. The samples used for the SEM examination were first fixed with 2% 
glutaraldehyde in O.IM sodium cacodylate (pH 7.4) and then postfixed in 1% osmium 
20 tetroxide. Subsequently, the samples were dehydrated in a graded series of ethanol solutions, 
critical-point dried with carbon dioxide, and spattered with gold film. The examination was 
performed with a Hitachi Model S-800 scanning electron microscope. 

Figures 9 A and 9E show computer-generated images derived from the SEM micrographs 
of the fresh tissue before implantation and retrieved at 1 week postoperatively. As shown in 
25 Figure 9E, the fresh tissue retrieved at 1 week postoperatively was already degraded 
extensively. The glutaraldehyde- and genipin-fixed tissues retrieved at 12 weeks 
postoperatively (Figures 9F and 9H, respectively) were slightly degraded as compared to their 
counterparts before implantation (Figures 9B and 9D, respectively). The degree of degradation 
for the epoxy-fixed tissue (Figure 9G vs. 9C) was more extensive than for its glutaraldehyde- 
30 and genipin-fixed counterparts. 

The samples used for light microscopy were fixed in 10% phosphate buffered formalin for 
at least 3 days and prepared for histopathological examination. In the histopathological 
examination, the fixed samples were embedded in paraffin, sectioned into a thickness of 5 /an, 
and stained with hematoxylin and eosin (H&E). The stained sections of each test sample were 
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examined by light microscopy (Nikon Microphoto-FXA) for tissue inflammatory reaction and 
photographed with 100 ASA Kodachrome film. 

Computer-generated images derived from the photomicrographs of the glutaraldehyde-, 
epoxy-, and genipin-fixed tissues retrieved at 12-week postoperatively are shown in Figure 
5 10(A-C). It should be noted that no photomicrograph of the fresh tissue retrieved at this time 
could be made, due to its complete degradation. The inflammatory reaction of the 
genipin-fixed tissue was significantly less than that of its glutaraldehyde- and epoxy-fixed 
counterparts, indicating superior biocompatibility of the genipin-fixed tissue, due to its 
significantly lower toxicity (see Section C, below). 

10 Atomic absorption analysis was used to determine the calcium content of each retrieved 

sample, as described in Example 3. Calcium content data for the fresh, glutaraldehyde-, 
epoxy-, and genipin-fixed tissues before implantation and those retrieved at 1-, 4-, and 
12-weeks postoperatively are presented in Table 1, expressed as fig calcium per mg of dry 
tissue weight. It should be noted that no data could be obtained for the fresh (uncrosslinked) 

15 tissues retrieved at 4- and 12 weeks postoperatively, due to their complete disintegration. As 
shown in the table, no significant differences in calcium content were observed in this study 
between the samples before implantation and those retrieved at various implantation times. 

Table 1 

20 Calcium Content fag Calcium/me Dry Tissue Weight) Before 

Implantation and at Different Implantation Times 



Implantation 
Duration 


Fresh 


Glut 


Epoxy 


Genipin 


0 wk (n=4) 


1.2±0.1 


1.5±0.1 


1.8 ±0.6 


1.5 ±0.6 


1 wk (n=4) 


1.9±0.2 


2.9±0.9 


1.5±0.1 


1.5±0.3 


4 wks (n=4) 


N/A* 


1.8±0.3 


1.6±0.2 


2.1 ±0.4 


12 wks (n=8) 


N/A 


1.6±0.5 


1.9±0.9 


1.7±0.6 



30 Data are presented in mean ± standard deviation. 

*N/A: Data were not available due to complete degradation of the tissue. 

C. Cytotoxicity Study 

The cells used in this study were human foreskin fibroblasts derived from the foreskin of 
35 a normal newborn infant. The cells were cultured in 3.5-cm diameter petri dishes (10 5 cells 
per dish) in Dulbecco's modified eagle medium (DMEM, Gibco 430-2800EG, Grand Island, 
NY, USA) supplemented with 10% fetal calf serum (Hyclone Laboratories, Logan, Ut., USA). 
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The cell culture was maintained in a humidified incubator at 37°C with 10% C0 2 in air for 
24h. 

The medium was then replaced with genipin (Challenge Bioproducts Co., Taichung, 
Taiwan) in DMEM, at a concentration of 0 (blank), 10, 100, or 1,000 ppm fag/ml). 
5 Glutaraldehyde and an epoxy compound (ethylene glycol diglycidyl ether, Denacol® EX-810, 
Nagase Chemicals, Ltd., Osaka, Japan) were also tested, at a concentration of 1 , 5, or 10 ppm. 

After 24 h of culture, the cells were washed twice with phosphate buffered saline, and the 
medium was replaced with a fresh DMEM medium without any test crosslinking reagent. 
Finally, the cells were incubated for another two weeks. During this period, the medium was 
10 changed once. 

Figure 8A shows a computer-generated image derived from a photomicrograph of a control 
culture of human fibroblasts, cultured as described above, but without any test crosslinking 
reagent. As shown in the figure, the cells observed in the petri dish were confluent. Figures 
8B-8D show computer-generated images derived from photomicrographs of the human 

15 fibroblasts cultured in media supplemented with different crosslinking reagents at the following 
concentrations: 1 ppm glutaraldehyde (8B), 5 ppm epoxy (8C), and 1000 ppm genipin (8A). 

The cell density was lowest in the medium supplemented with glutaraldehyde (Figure 8B) 
and slightly higher in the epoxy-treated culture. Both were much less than that found in the 
control medium. In contrast, the cell density seen in the medium supplemented with genipin 

20 (Figure 8D) was significantly greater than those supplemented with glutaraldehyde or epoxy 
compound, in spite of a much higher concentration of genipin used. This result suggests that 
the cytotoxicity of genipin is significantly lower than that of glutaraldehyde and the epoxy 
compound, 

25 IV. Crosslinking of Hemoglobin 

Hemoglobin polymerized with genipin has a stable tetramer structure, and the molecular 
weight distribution remains unchanged over an extended storage period, as shown by the results 
described in this Section. 

In crosslinking of hemoglobin for use as a blood substitute, it is desirable to obtain a 

30 distribution of hemoglobin oligomers consisting of 2-9 units, while minimizing the formation 
of overpolymerized hemoglobin (>9 units and >500 KDa) and methemoglobin. In support 
of the present invention, studies were carried out on the effect of several factors on product 
distribution obtained from treatment of hemoglobin with genipin. These factors, discussed 
individually below, are (a) reaction time, (b) concentration of hemoglobin, (c) molar ratio of 
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genipin/hemoglobin, (d) reaction temperature, (e) buffer pH and (0 addition of lysine as a 
quenching reagent. 

For each reaction, hemoglobin was initially purged with CO gas in order to decrease 
methemoglobin formation during reaction. Product distribution was analyzed by HPLC as 
5 described in Example 3, below. 

A. Reaction Time 

Product distribution was observed over 2-48 hr, where hemoglobin concentration was 14 
g/dl and genipin concentration was 15 mM, at pH 7.0 and 4°C. At 12 hr, the level of Hb, 

10 (unpolymerized hemoglobin) was reduced to 60.15%, and methemoglobin had increased only 
from 14.98% to 18.81%, as shown in Table 2. At more than 15 hr, over-polymerized 
hemoglobin (>500 KDa) was observed, the desired crosslinked hemoglobin had: increased 
minimally, and methemoglobin increased rapidly. The optimal reaction time under these 
conditions was therefore about 12-15 hr. 

15 Table 2 



Molecular Weight Distribution and 
Methemoglobin Formation at Different Reaction Times 





Reaction 
Time 


Hb,% 


Hb 2 % 


Hb M % 




Hb >9 % 


Met 
Hb% 


20 


2hr 


91.69 


6.31 








14.98 




6hr 


76.22 


12.84 


7.51 






15.31 




9hr 


65.44 


15.98 


15.24 


2.00 




17.66 




12 hr 


60.51 


17.32 


15.80 


6.95 




18.81 




15 hr 


45.98 


18.00 


16.97 


13.73 


5.32 


22.83 


25 


24 hr 


40.95 


17.99 


17.34 


16.87 


9.02 


24.56 




48 hr 


39.87 


18.89 


15.43 


14.92 


12.89 


30.33 



*Hb„: number of crosslinked hemoglobin units 
"Met Hb: Methemoglobin 
30 "Initial percent methemoglobin was 15.69%. 



B. Hemoglobin Concentration 

Genipin concentration, pH, and reaction temperature were the same as used for Section A, 
above. A hemoglobin concentration in the range of 10-14 g/dl was found to be appropriate for 
35 the polymerization reaction. When the concentration is less than 10 g/dl, the desired 
crosslinked hemoglobin ( < 500 KDa) increases with increasing concentration of hemoglobin, 
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but the reaction rate is slow. For concentrations higher than 14 g/dl, both overpolymerized 
hemoglobin and methemoglobin are increased, as shown in Table 3. 



Table 3 

5 Molecular Weight Distribution and Methemoglobin Formation at Different 

Hemoglobin Concentrations 



Hemoglobin 
Concentration 


Hb,% 


Hb 2 % 


Hb M % 


Hbj.,% 


Hb >9 % 


Met 
Hb% 


7 g/dl 


77.15 


10.69 


10.12 


2.04 




11.21 


10 g/dl 


70.89 


13.23 


12.69 


3.19 




12.69 


12 g/dl 


66.10 


15.98 


15.24 


2.68 




13,58 


14 g/dl 


59.15 


18.59 


16.42 


5.84 




13.10 


16 g/dl 


44.39 


16.27 


18.14 


16.56 


3.33 


17.88 



15 ^ ~ "~ * ' ' ~~ ' 

*Hb n : number of crosslinked hemoglobin units 
"Met Hb: Methemoglobin 

Initial percentage of methemoglobin was equal to 10.08 

20 C. Genipin/Hemoglobin Ratio 

No changes were made to hemoglobin concentration (14 g/dl), temperature or pH. The 
optimum molar ratio of genipin/hemoglobin was found to be in the range of 6/1 to 9/1. At 
molar ratios less than 6/1, the reaction rate was very slow and the yield of polymerized 
hemoglobin was low. Molar ratios greater than 9/1 did not increase the desired polymerized 

25 hemoglobin, but did produce higher levels of methemoglobin and overpolymerized hemoglobin, 
as shown in Table 4. 

Table 4 

Molecular Weight Distribution and Methemoglobin Formation at Different 



Genipin/Hemoglobin Molar Ratios 



Genipin/Hb 
Molar Ratio 


Hb,% 


Hb 2 % 


Hb„% 


Hbj.,% 


Hb>,% 


Met 
Hb% 


6/1 


67.66 


15.79 


12.63 


3.92 




19.38 


7/1 


64.55 


16.59 


13.42 


5.44 




19.77 


8/1 


63.15 


17.10 


13.80 


5.95 




20.01 


9/1 


62.45 


18.03 


15.05 


7.11 




22.44 


10/1 


47.58 


17.44 


16.98 


12.83 


5.17 


25.59 
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*Hb: hemoglobin 

"Hb n : number of crossl inked hemoglobin units 

*Met Hb: Methemoglobin 

"Initial percent methemoglobin was 22.18%. 

5 

D. Buffer pH 

For this series of reactions, temperature was 4°C, reaction time was 15 hours, and 
concentrations of hemoglobin and genipin were 10 g/dl and 15 mM (molar ratio 7/1). Aqueous 
solutions of potassium hydrogen phosphate (0.05 M, pH 4.0), sodium phosphate (0.001 M, pH 
10 9.0), sodium borate (0.01 M, pH 9.0), and sodium carbonate/sodium bicarbonate (0. 19 M/0.18 
M) were used to prepare buffers having pH values of 5.5, 7.5 and 9.5, respectively. As shown 
in Table 5, neutral and basic pH were most favorable for the polymerization of hemoglobin. 

15 Table 5 

Molecular Weight Distribution and 
Methemoglobin Formation at Different pH Values 



pH 
Value 


Hb,% 


Hb 2 % 




Hbs: 9 % 


Hb >9 % 


Met 
Hb% 


5.5 


72.07 


14.22 


11.47 


2.24 




15.66 


7.5 


70.89 


14.42 


11.66 


3.03 




16.10 


9.5 


49.61 


17.49 


16.45 


12.01 




13.89 



"Hb n : number of crosslinked hemoglobin units 

"Met Hb: Methemoglobin 

"Initial percent methemoglobin was 17.12%. 

30 E. Reaction Temperature 

The concentrations of hemoglobin and genipin were unchanged for this series of reactions, 
and the pH was adjusted to 7.0. A range of temperatures from 4°C to 40°C was employed, 
giving the results shown in Table 6. As shown, higher temperatures induce a higher degree of 
polymerization of hemoglobin. At 30-40°C, 60-65% of unpolymerized hemoglobin reacts 

35 within 2 hr. Not surprisingly, however, higher temperatures also increased formation of 
overpolymerized hemoglobin and methemoglobin as well as bacteria production. Suitable 
temperatures were between 4°C and 20°C. 
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Table 6 

Molecular Weight Distribution and Methemoglobin Formation at Different 

Reaction Temperatures 

5 



Reaction 
Temp. 


Hb,% 


Hb 2 % 


Hb„% 


Hbj.,% 


Hb >9 % 


Met 1 
Hb% I 


! 4°C 


94.18 


5.82 








14.99 


10°C 


89.30 


8.05 


2.65 






15.33 


20°C 


71.72 


15.54 


12.31 


0.43 




15.98 


30°C 


38.00 


15.20 


16.74 


21.35 


8.71 


17.99 


40°C 


34.38 


13.65 


15.49 


20.21 


16.27 


19.15 

1 1 



*Hb n : number of crossl inked hemoglobin units 
15 'Met Hb: Methemoglobin 

'initial percent methemoglobin was 10.08%. 

F. Addition of Lysine as Terminator 

Lysine is commonly used as a terminator for protein crosslinking reactions. Two 
20 polymerizations were carried out simultaneously, and to one was added lysine at 14.5 hr. 
Concentration of hemoglobin and genipin was 14 g/dl and 15 mM, as above, reaction time was 
15 hr, and reaction temperature was maintained at 4°C. As shown in Table 7, lysine was 
effective in quenching polymerization and reducing the level of overpolymerized hemoglobin. 

25 Table 7 



Effect of Lysine Quenching Agent on Molecular Weight Distribution and 
Methemoglobin Formation in Hemoglobin Polymerization 



Quencher 


Hb,% 


Hb 2 % 




Hbj.,% 


Hb >9 % 


Met 
Hb% 


Blank 


45.98 


18.00 


16.97 


13.73 


5.32 


15.69 


! Lysine 


45.97 


18.81 


18.97 


15.93 


0.32 


14.58 



"Hb n : number of crossl inked hemoglobin units 
35 "Met Hb: Methemoglobin 

'Initial percent methemoglobin was 12.08%. 
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EXAMPLES 

The following examples illustrate but in no way are intended to limit the present invention. 

Example 1: Stability of Crosslinked Collagenous Tissues to Degradative Enzymes 
5 Fresh porcine pericardia procured from a slaughterhouse were used as raw materials. The 

tissue samples were immediately transferred into cold saline after removal and shipped for 
fixation. Five percent genipin solution buffered with phosphate buffered saline (pH 7.4) was 
used to crosslink the biological tissue. The treatment was conducted at 37°C for 3 days. After 
fixation, the biological tissue was rinsed in deionized water for 60 minutes. Subsequently, the 

10 fixed tissue was sterilized with a 70% ethanol solution for 7 days at 37°C. Glutaraldehyde- 
and epoxy-fixed counterparts were used as controls. A 0.625% solution of glutaraldehyde was 
used for fixation. The epoxy reagent was a 4% solution of ethylene glycol diglycidyl ether, 
Denacol®EX-810, obtained from Nagase Chemicals, Ltd., Osaka, Japan. 

Light microscopy was used to examine the changes in collagen fibril structure of each test 

15 sample before and after collagenase or pronase degradation. The test samples were fixed in 
a 10% formalin solution and prepared for histological examination. In the histological 
examination, sections of each test sample, before and after degradation, were stained with 
hematoxylin and eosin. 

The denaturation temperature of each test sample was measured by a Perkin Elmer 

20 differential scanning calorimeter (Model DSC 7, Norwalk, Connecticut, USA). Results are 
described above and shown in Figures 2 and 3. Tissue strips were cut from each test sample 
before and after in vitro degradation for tensile strength measurements. Stress-strain curves 
of the tissue strips were determined by uniaxial measurements using an Instron Universal 
Testing Machine (Model 4302) at a constant speed of 50 mm/min. Results are described above 

25 and shown in Figure 4. 



Example 2: Subcutaneous Implantation Study 

Fresh porcine pericardia, as described above, were used as raw materials. Samples were 
rinsed and trimmed to remove blood and fat before fixing with genipin (5% solution), epoxide 
30 (4% solution of Denacol® EX-810, Nagase Chemicals, Ltd., Osaka, Japan) or glutaraldehyde 
(0.625% solution) for 3 days at 37°C. The amount of solution used in each case was about 
200 ml for a 6x6 cm porcine pericardium. The epoxy solution was buffered with 0.21M 
sodium carbonate/0.02M sodium bicarbonate (pH 10.5), while the glutaraldehyde and genipin 
solutions were buffered with 0.01 M phosphate buffered saline (pH 7.4, Sigma Chemical Co., 
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St. Louis, MO). The fixed pericardia were sterilized with a series of ethanol solutions having 
increasing concentration (20% - 75%) for approximately 5 hours, and finally rinsed several 
times in sterilized phosphate buffered saline; 

A subcutaneous implant study was conducted on 6-week-old male Wistar rats under aseptic 
5 conditions. Implants were retrieved at 1 and 4 weeks post-implantation. The denaturation 
temperatures and tensile strengths were determined as in Example 1, and the calcium level was 
determined by atomic absorption spectroscopy. Results are described above and shown in 
Figures 5-7. 

t 

10 Example 3: Determination of Calcium Content of Implanted Tissue Samples 

The retrieved tissues samples were lyophilized for 24 h and weighed. The lyophilized 
sample was then immersed in a 6 N HC1 solution (approx. 3 mg lyophilized tissue/3 mL 6N 
HC1) and subsequently hydrolyzed in a microwave hydrolysis system (MDS-2000, CEM Co., 
Matthews, NC, USA) for 45 min. Finally, the hydrolyzed sample was diluted with a solution 

15 of 5% lanthanum chloride in 3N HC1 solution. The calcium content of each test sample was 
determined by an atomic absorption spectrophotometer (Model AA-100, Perkin Elmer Inc., 
Norwalk, Conn., USA). 

Example 4: Polymerization of Hemoglobin 

20 Hemoglobin solution was purged with carbon monoxide for 1 hour at 4°C, then genipin 

was added to the solution. Reaction time, concentrations, temperature and pH were varied as 
described above. Molecular weight distribution (degree of crosslinking) and percentage of 
methemoglobin were analyzed using high performance chromatography on a TSK 3000 SW gel 
filtration column (mobile phase solvent 0.1M phosphate buffer, 0.3 M NaCl, pH = 7; flow 

25 rate = 0.8 ml/min; detector at 410 nm and 280 nm). A typical profile is shown in Figure 11. 
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IT IS CLAIMED: 

1 . A biocompatible implant or wound dressing, comprising a biocompatible 
crosslinked amine-containing biomolecule, selected from chitosan or a connective- 

5 tissue protein, wherein said biomolecule is crosslinked with genipin. 

2. The implant or wound dressing of claim 1, wherein said biomolecule is a 
connective-tissue protein. 

10 3. The implant or wound dressing of claim 2, wherein said connective-tissue protein 

is collagen. 

4. The implant or wound dressing of claim 1, wherein said biomolecule is chitosan. 



15 5. A biocompatible adhesive, comprising a biocompatible crosslinked gelatin derived 

from a collagenous source, wherein said gelatin is crosslinked with genipin. 

6. A method of manufacturing a biocompatible implant or wound dressing, 
comprising fabricating a material comprising an amine-containing biomolecule, 

20 selected from chitosan or a connective-tissue protein, into a structure suitable for said 

implant or dressing, and crosslinking said material with genipin. 

7. The method of claim 6, wherein said material comprises a connective-tissue 
protein. 

25 

8. The method of claim 7, wherein said connective-tissue protein is collagen. 

9. The method of claim 7, wherein said material comprises chitosan. 

30 10. A composition suitable for use in a blood substitute, comprising hemoglobin 

crosslinked with genipin. 

11. The composition of claim 10, wherein the crosslinked hemoglobin has a mean 
degree of polymerization greater than 1 and less than about 9. 
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12. A method of preparing crosslinked hemoglobin, comprising treating the 
hemoglobin with an amount of genipin effective to crosslink said hemoglobin. 

13. The method of claim 12, wherein the hemoglobin is treated with an amount of 

5 genipin effective to give a mean degree of polymerization greater than 1 and less than 

about 9. 
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antiinflammatories, antineoplastics, antianxiety agents, sue, wherein the substrate is crosslinked with an agent 

immunosuppressive agents, antimigraine agents, sedatives/ selected from the group consisting of genepin, epoxy com- 

hypnotics, antipsychotic agents, antimanic agents, antiar- pounds, dialdehyde starch, glutaraldehyde, formaldehyde, 

rhythmics, antiarthritic agents, antigout agents, anticoagu- dimethyl suberimide, carbodiimides, succinimidyls, diiso- 

lants, thrombolytic agents, an ti fibrinolytic agents, 5 cyanates, acyl azide, tris(hydroxymethyl)phosphine, ascor- 

antiplatelet agents and antibacterial agents, antiviral agents, bate-copper, glucose- lysine and photo-oxidizers. 

antimicrobials, and anti-infectives. In a further embodiment, 2. The method of claim 1, wherein the substrate is 

the crosslinkable biological solution kit may comprise at • configured and formulate for administering to said subject 

least one bioactive agent selected from a group consisting of by a route selected from a group consisting of topical 

actinomycin D, paclitaxel, vincristin, methotrexate, and 10 administration, percutaneous injection, intravenous injec- 

angiopeptin, batimastat, halofuginone, sirolimus, tacroli- tion, intramuscular injection, oral administration, and 

mus, everolimus, tranilast, ABT-578, dexamethasone, myco- implantation. 

phenylic acid, lovastatin, thromboxane A 2 synthetase inhibi- 3. The method of claim 1, wherein the substrate is an 

tors, eicosapentanoic acid, ciprostene, trapidil, angiotensin acellular tissue or a wound dressing. 

convening enzyme inhibitors, heparin, and biological cells. 15 4iThe method of claim 3j wherein ±e acellular tissue ^ 

Some aspects of the invention provide the crosslinkable inched porosity over the substrate by at least 5%. 
biological solution kit that is configured and packaged in a 5. A method for promoting angiogenesis for treating a 
form suitable for application selected from a group consist- tigsue of a ti comprising? providing crosslink- 
mg of topical administration percutaneous injection, intra- ab]e bio , ica , fluid medium coQsist f of * d 
venous injection, intramuscular ^injection oral administra- 20 selected ^ m ^ 0 f collagen extract, soluble coi- 
tion, and loading on an implant before implantation or after ^ ge]at ^ N)0 . carboxymethyl chit0 . 

implantation. san (NOCC) to the target tissue, wherein the crosslinkable 

Some aspects of the invention relate to a method for biol ical fluid mediu * is loaded with at least one io „ 

promoting angiogenesis comprising administering ginseno- jg factQr fmm ^ consisting of puri fied 

side Rg and/or ginsenoside Re onto tissue after radiation 25 insenoside R ginsea0 side Re or combinations 

therapy to promote neovascularization. Some further aspects thereof 

of the invention relate to a method for promoting angiogen- ^ _ . . . , . „ . . , .. , , , 

esis comprising administering ginsenoside Rg. and/or gin- , , *■ *? e * od ° f clain ? 5, wheiwn the crosslinkable 

senoside Re onto tissue of ulcer or diabetes to promote b,ol °g lcal fluid medium is in a form of solution, paste, gel, 

neovascularization. 30 suspension, colloid, or plasma. 

From the foregoing description, it should now be appre- 7 « ^ method of claim 5, wherein the crosslinkable 
ciated that a novel and unobvious process for promoting biological fluid medium is crosslinked with a crosslinking 
angiogenesis has been disclosed for tissue engineering appli- a g ent or with ultraviolet irradiation, 
cations. While the invention has been described with refer- 8. A crosslinkable biological solution kit comprising a 
ence to a specific embodiment, the description is illustrative 35 first readily mixable crosslinkable biological solution com- 
of the invention and is not to be construed as limiting the ponent and a second crosslinker component, selected from 
invention. Various modifications and applications may occur me group consisting of genepin, epoxy compounds, dialde- 
to those who are skilled in the art, without departing from the hyde starch, glutaraldehyde, formaldehyde, dimethyl suber- 
true spirit and scope of the invention. imide, carbodiimides, succinimidyls, diisocyanates, acyl 
We claim: 40 azide, tris(hytoxymemyl)phosphine, ascorbate-copper, 
1. A method for promoting angiogenesis in a subject in glucose-lysine and photo-oxidizers, wherein the first corn- 
need thereof, comprising administering to said subject a ponent and the second component are mixed at point of 
substrate loaded with therapeutically effective amount of need, wherein said first readily mixable crosslinkable bio* 
angiogenesis factor selected from the group consisting of logical solution component is selected from the group con- 
isolated ginsenoside Rg 1} isolated ginsenoside Re or com- 45 sisting of purified ginsenoside Rg l9 purified ginsenoside Re 
binations thereof, wherein the substrate is an artificial organ or combinations thereof, 
selected from .the group consisting of biological patch, 

cardiac tissue anti -adhesion membrane and myocardial tis- * * * * * 
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